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c CERN on behalf of the LHCb collaboration, license CC-BY-3.0. † Authors are listed on the following pages. Hadrons are systems of quarks bound by the strong interaction, described at the fundamental level by quantum chromodynamics (QCD). Low-energy phenomena, such as the binding of quarks and gluons within hadrons, lie in the nonperturbative regime of QCD and are difficult to calculate. Much progress has been made in recent years in the study of beauty mesons [1]; however, many aspects of beauty baryons are still largely unknown. Many decays of beauty mesons into pairs of charm hadrons have branching fractions at the percent level [2] . Decays of beauty baryons into pairs of charm hadrons are expected to be of comparable size, yet none have been observed to date. If such decays do have sizable branching fractions, they could be used to study beauty-baryon properties. For example, a comparison of beauty meson and baryon branching fractions can be used to test factorization in these decays.
Many models and techniques have been developed that attempt to reproduce the spectrum of the measured hadron masses, such as constituent quark models or lattice QCD calculations [3] . Precise measurements of ground-state beauty-baryon masses are required to permit precision tests of a variety of QCD models [4] [5] [6] [7] [8] [9] [10] . The Λ The LHCb detector [12] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector includes a high-precision tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction region, a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes [13] placed downstream. The combined tracking system provides a momentum measurement with relative uncertainty that varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c, and impact parameter resolution of 20 µm for tracks with large transverse momentum (p T ). Different types of charged hadrons are distinguished by information from two ring-imaging Cherenkov detectors [14] . The hardware stage of the trigger uses information from calorimeter and muon systems [15] . The calorimeter system consists of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. The muon system is composed of alternating layers of iron and multiwire proportional chambers [16] . The software stage of the trigger, which applies a full event reconstruction, uses a boosted decision tree (BDT) [17] to identify secondary vertices consistent with the decay of a beauty hadron [18] .
Samples of simulated events are used to determine the signal selection efficiency, to model signal event distributions and to investigate possible background contributions. In the simulation, pp collisions are generated using Pythia [19] with a specific LHCb configuration [20] . Decays of hadronic particles are described by EvtGen [21] , in which final state radiation is generated using Photos [22] . The interaction of the generated particles with the detector and its response are implemented using the Geant4 toolkit [23] as described in Ref. [24] .
In this analysis, signal beauty-hadron candidates are formed by combining charmhadron candidate pairs reconstructed in the following decay modes:
The measured invariant mass of each charm-hadron candidate, the resolution on which is about 6−8 MeV/c 2 , is required to be within 25 MeV/c 2 of the nominal value [2] . To improve the resolution of the beauty-hadron mass, the decay chain is fit imposing kinematic and vertex constraints [25] ; this includes constraining the charm-hadron masses to their nominal values. To suppress contributions from non-charm decays, the reconstructed charm-hadron decay vertex is required to be downstream of and significantly displaced from the reconstructed beauty-hadron decay vertex. A BDT is used to select each type of charm-hadron candidate. These BDTs use five variables for the charm hadron and 23 for each of its decay products. The variables include kinematic quantities, track and vertex qualities, and particle identification (PID) information. The signal and background samples used to train the BDTs are obtained from large samples of
These data samples are also used to validate selection efficiencies obtained from simulation. The signal distributions are background subtracted using weights [26] obtained from fits to the beauty-hadron invariant mass distributions. The background distributions are taken from the charm-hadron and high-mass beauty-hadron sidebands in the same data samples. To obtain the BDT efficiency in a given signal decay mode, the kinematical properties and correlations between the two charm hadrons are taken from simulation. The BDT response distributions are obtained from validation data samples of the decays used in the BDT training, weighted to match the kinematics of the signal.
Due to the kinematic similarity of the decays D Signal yields are determined by performing unbinned extended likelihood fits to the beauty-hadron invariant mass spectra observed in the data. The signal distributions are modeled using a so-called Apollonios function, which is the exponential of a hyperbola combined with a power-law low-mass tail [27] . The peak position and resolution parameters are allowed to vary while fitting the data, while the low-mass tail parameters are taken from simulation and fixed in the fits. The measurements reported in this paper are not sensitive to the specific choice of the signal model.
Four categories of background contributions are considered: partially reconstructed decays of beauty hadrons where at least one final-state particle is not reconstructed; decays into a single charm hadron and three light hadrons; reflections where the cross-feed arbitration fails to remove a misidentified particle; and combinatorial background. The only partially reconstructed decays that contribute in the mass region studied are those where a single pion or photon is not reconstructed; thus, only final states comprised of D * + (s)
or Σ + c and another charm hadron are considered (e.g.,
. These background contributions are modeled using kernel probability density functions (PDFs) [28] obtained from simulation. Single-charm backgrounds are studied using data that are reconstructed outside of a given charm-hadron mass region and are found to be O(1%) for decays containing a D 
The similarity of the final states and the shared parent particle result in many cancelations of uncertainties in the determination of the ratio of branching fractions. The remaining uncertainties include roughly equivalent contributions from determining the efficiencycorrected yields and from the ratio of charm-hadron branching fractions (see Table 1 ). The dominant contribution to the uncertainty of the fit PDF is due to the low-mass background contributions, which are varied in size and shape to determine the effect on the signal yield. The efficiencies of the cross-feed and BDT criteria are determined in a data-driven manner that produces small uncertainties. The observed ratio is approximately the ratio of the relevant quark-mixing factors and meson decay constants, , depends on the p T of the beauty hadrons [31] . Figure 3 shows the ratio of efficiency-corrected yields, N (Λ Table 1 : Relative systematic uncertainties on branching fraction measurements (%). The production ratio σ(B 0 s )/σ(B 0 ) is taken from Ref. [30] . Numbers in brackets in the last column are for the B 0 s decay mode. as a function of beauty-hadron p T . The ratio of branching-fraction ratios is obtained using a fit with the shape of the p T dependence measured in B(Λ
[32] and found to be
This result does not depend on the absolute ratio of production cross sections or on any charm-hadron branching fractions. The systematic uncertainties on this result are listed in Table 1 . The uncertainty in the fit model is largely due to the sizable single-charm contributions to these modes and due to contributions from the fits described in Ref. are the same for all data analyzed and no systematic uncertainty is assigned. The ratio of branching ratios is consistent with unity as expected assuming small nonfactorizable effects. 
s ) means that the uncertainty due to momentum scale, the dominant uncertainty in absolute mass measurements, mostly cancels; however, it is still important to determine accurately the momenta of the final state particles. The momentum scale calibration of the spectrometer, which accounts for imperfect knowledge of the magnetic field and alignment, is discussed in detail in Refs. [11, 33] . The uncertainty on the calibrated momentum scale is estimated to be 0.03% by comparing various particle masses measured at LHCb to their nominal values [33] .
The kinematic and vertex constraints used in the fits described previously reduce the statistical uncertainty on M (Λ 0 b ) − M (B 0 ) by improving the resolution. These constraints also increase the systematic uncertainty by introducing a dependence on the precision of the nominal charm-hadron masses. For this reason, these constraints are not imposed in the mass measurement. The mass difference obtained is
The dominant systematic uncertainty (see Table 2 ) arises due to a correlation between the reconstructed beauty-hadron mass and charm-hadron flight distance. The large difference in the Λ + c and D + hadron lifetimes [2] causes only a partial cancelation of the biases induced by the charm-lifetime selection criteria. This effect is studied in simulation and a 0.16 MeV/c 2 uncertainty is assigned. The 0.03% uncertainty in the momentum scale results in an uncertainty on the mass difference of 0.08 MeV/c 2 . Many variations in the fit model are considered and none produce a significant shift in the mass difference. The systematic uncertainty in the mass difference due to the uncertainty in the amount of detector material in which charged particles lose energy is negligible [33] . Furthermore, the uncertainty on M (Λ 0 b ) − M (B 0 ) due to differences in beauty-hadron production kinematics, as seen in Fig. 3 , is also found to be negligible. Using the nominal value for M (B 0 ) [2] gives M (Λ 0 b ) = 5619.30 ± 0.34 MeV/c 2 , where the uncertainty includes both statistical and systematic contributions. This is the most precise result to date. The total uncertainty is dominated by statistics and charm-hadron lifetime effects; thus, this result can be treated as being uncorrelated with the previous LHCb result obtained using the Λ These results are all consistent with expectations that assume small nonfactorizable effects.
